Louisiana State University

LSU Digital Commons
LSU Master's Theses

Graduate School

2006

Ice sheet grounding zone deposits on Ross Sea continental shelf
(Antarctica): seismic facies analysis and P-wave reflectivity
attributes
Adeniyi Adewumi Saanumi
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Earth Sciences Commons

Recommended Citation
Saanumi, Adeniyi Adewumi, "Ice sheet grounding zone deposits on Ross Sea continental shelf
(Antarctica): seismic facies analysis and P-wave reflectivity attributes" (2006). LSU Master's Theses.
1862.
https://digitalcommons.lsu.edu/gradschool_theses/1862

This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has
been accepted for inclusion in LSU Master's Theses by an authorized graduate school editor of LSU Digital
Commons. For more information, please contact gradetd@lsu.edu.

ICE SHEET GROUNDING ZONE DEPOSITS ON ROSS SEA CONTINENTAL
SHELF (ANTARCTICA): SEISMIC FACIES ANALYSIS AND P-WAVE
REFLECTIVITY ATTRIBUTES

A Thesis

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Master of Science

In

The Department of Geology and Geophysics

by
Adeniyi Adewumi Saanumi
B.Tech. Federal University of Technology Akure, 1999
May 2006

DEDICATION
I dedicate this thesis to my sweetheart, Adedayo and my lovely daughter, Anjola.
Darling, though I was away from you throughout my master program, you tried in every
possible way to support and cheer me. Honestly, I could not have accomplished all I have
today without your encouragement. I will always love you.

ii

ACKNOWLEDGEMENTS
First and foremost, I thank God for giving me the grace to finish my Master
program. He has been a faithful father to me even more than any earthly father could be.
Without His mercies I had not come out successful.
My advisor, Juan Lorenzo, has been a joy to work with, and largely through his
constructive criticism and spurring, my master thesis was completed to time. Thank you
for those noteworthy discussions I had with you. My sincere appreciation goes to Phil
Bart for sharing his wealth of knowledge about the Antarctic margins. I enjoyed all those
times we met to discuss the different concepts in ice sheet grounding events - thank you
for being there. Jonathan Tomkin, I want to say a big thank you for your support
throughout my program. I also thank the Chair of the Geology and Geophysics
department, the Graduate advisor, other faculties and colleagues in the department. The
Sub-surface laboratory has been an invaluable resource in the remote study of the earth
sub-surface. I thank the department of Geology and Geophysics for this opportunity. The
multi-channel seismic data is made available by NSF - Office of Polar Programs through
a grant to P.J. Bart (proposal 0094078). WesternGeco (a Schlumberger company)
allowed me to use their seismic processing system. Thank you.
Lastly, I will like to express my appreciation to the following professional
organizations: AAPG, SEG, SGS, Shreveport Geological Society and Chevron, for their
financial support in scholarships and grants.

iii

TABLE OF CONTENTS
DEDICATION................................................................................................

ii

ACKNOWLEDGEMENTS………………………………………………… iii
ABSTRACT…………………………………………………………………

vi

CHAPTER 1. INTRODUCTION ………………………………………….
1.1 The Glacial Environment………………………………………………..
1.2 Grounding of Ice Sheet: Processes of Glacial Erosion and Deposition…
1.3 Hypothesis for Grounding Zone Sedimentary Facies……………………
1.4 Objectives of Study………………………………………………………
1.5 Assumptions……………………………………………………………..
1.6 Study Area………………………………………………………………..

1
4
6
9
14
14
15

CHAPTER 2. GEOLOGIC BACKGROUND …………………………….
2.1 Geologic History of the Ross Sea………………………………………..
2.2 Glacial Unconformities…………………………………………………..
2.3 Seismic Stratigraphy of the Ross Sea Continental Shelf…………………
2.4 Characteristics of Grounding Zone Facies……………………………….

18
18
21
23
24

CHAPTER 3. SEISMIC METHODS ……………………………………...
3.1 Seismic Acquisition………………………………………………………
3.2 Seismic Processing………………………………………………………..
3.3 Polarity of Seismic Data………………………………………………….
3.4 Seismic Analysis…………………………………………………………
3.5 Correlation to Seismic Unconformities from Bart et al. (2000) …………

28
28
32
40
43
52

CHAPTER 4. RESULTS …………………………………………………...
4.1 Interpreted Seismic Facies……………………………………………….
4.2 AVO Attributes……………...……………………………………………

53
53
60

CHAPTER 5. DISCUSSION AND CONCLUSIONS ……………………
5.1 Inferred Depositional Environments……………………………………
5.2 Under-compacted Subglacial Till ………………………………………..
5.3 Seismic Unconformities ………………………………………………….
5.4 Conclusions………………………………………………………………

68
69
70
73
74

REFERENCES...............................................................................................

77

APPENDIX A: SEISMIC PROCESSING FLOWS………………………

80

APPENDIX B: SEISFLOW – SEG2SFAM ………………………………. 81
APPENDIX C: SEISFLOW – CRE8_GDB_FILE ……………………….

iv

82

APPENDIX D: SEISFLOW – SP_XY …………………………………….

83

APPENDIX E: SEISFLOW – HDRMATH ……………………………….

84

APPENDIX F: SEISFLOW – TXT2HDR ………………………………...

85

APPENDIX G: SEISFLOW – DETECTXY_2_HDR ……………………. 86
APPENDIX H: SEISLOW – CRE8DB_IN_HDR ………………………... 87
APPENDIX I: SEISLOW – CRE8CMP_HDR …………………………...

88

APPENDIX J: SEISFLOW – V_GEN_4_STACK ……………………….

89

APPENDIX K: SEISFLOW – CMP_SORT_NMO ………………………

96

VITA …………………………………………………………………………

97

v

ABSTRACT
Subglacial till and overlying glaciomarine deposits are difficult to distinguish
because the physical properties of subglacial till may vary depending on the drainage
conditions of the rock directly beneath the ice sheet. Based on approximately 120
kilometers of multi-channel seismic data, detailed seismic facies analysis and amplitude
variation with offset (AVO) analysis are carried out to examine the distribution of ice
sheet grounding zone deposits on the continental shelf of the Northern Basin, Ross Sea
(Antarctica) and infer the physical properties of interpreted subglacial till. Seismic facies
analysis led to the differentiation of distinct sub-environments around a grounded ice
sheet: distal glaciomarine, proximal glaciomarine and subglacial. The identification of
seismic facies is based on seismic characteristics such as reflection amplitude strength,
continuity and geometric configuration. P-wave reflectivity attribute is estimated from
the AVO analysis of corrected seismic data. The generated P-wave reflectivity attribute
stack, which is a measure of variation in acoustic impedance versus seismic receiver
offset, is found similar to the conventional stacked seismic section and therefore used to
validate our initial seismic facies interpretation. On one of the P-wave reflectivity
attribute stacks we observe relative to seafloor reflection, a negative reflection coefficient
at the upper boundary of an interpreted subglacial till. The negative reflection coefficient
may imply the presence of an under-compacted, low-velocity subglacial till. In contrast,
previous core analysis studies suggest that subglacial till is over-compacted. The
interpreted subglacial till along another seismic profile does not exhibit undercompaction. It is important to state that the order of dimension in sediment cores is small
compared to the resolution of seismic data used in this study. In the absence of other
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analogs in the study area, seismic- inferred physical properties of interpreted subglacial
till is compared to that obtained from core samples. On another P-wave reflectivity
attribute stack, a normally compacted subglacial till is observed. Subglacial till of varying
level of consolidation are present on the continental shelf of the Ross Sea.

vii

CHAPTER 1. INTRODUCTION
Antarctic ice sheets have been studied extensively because of their influence on
climatic changes, on sea level (e.g., Bartek et al., 1997; Anderson, 1999), and their role in
the creation of continental shelf morphologies on Antarctic continental margins (e.g.,
Anderson, 1999). Multiple lines of evidence from studies of previous glacial/interglacial
cycles suggest that the Antarctic ice sheets advanced and retreated several times across
the continental shelf of Antarctica in the Cenozoic (Bart and Anderson, 1995). These
advances are believed to have culminated in the grounding of ice sheets (Anderson, 1984;
Anderson and Bartek, 1992; De Santis et al., 1995; Anderson, 1999), which in turn have
been associated with widespread erosional features and deposition of subglacial and
proglacial deposits on the continental shelf of Antarctica (Bartek et al., 1997). Prominent
ice-sheet- induced geomorphic features on the shelf consist of glacial troughs, ridges, and
banks between the troughs (Alonso et al., 1998). Cooper et al. (1993) concluded that the
presence of glacial deposits, unconformities and other unique features are proof of
erosion and deposition processes taking place in zones where Antarctic ice sheets have
been grounded.
Sedimentation on the Ross Sea continental shelf, like any other Antarctic margin,
occurs through the marine portion of the ice sheet and floating ice e.g., ice shelves, ice
tongues and icebergs (Anderson, 1984). After the initial deposition of ice-borne debris,
marine processes may influence sedimentation by reworking initial ice-sourced sediment
and deposition of marine detritus (Anderson, 1984). Because of the diverse roles of ice
sheet in the sedimentation processes around grounding zones, deposits preserved on the
Ross Sea continental shelf are thought to be generated by a combination of subglacial or
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glaciomarine processes (Cooper et al., 1993; Powell, 1984; Domack et al., 1999; and
Licht et al., 1999).
Recognizing the different sedimentary facies associated with ice sheet grounding
zones is difficult mainly because deposits in this complex environment may inherit
characteristics of both marine and glacial processes (Domack et al., 1999). At present,
there is an inadequate understanding of glaciomarine sedimentary processes such as
subglacial erosion and deposition, pelagic sedimentation, reworking of sediments, and
gravity flows (Domack et al., 1999). Most of the prior seismic work done near the study
area (e.g., Bart and Anderson, 1995; De Santis et al., 1995; Bartek et al., 1997; Bart et al,
2000) are seismic stratigraphic studies. These seismic stratigraphic studies are aimed
mostly at inferring depositional environment of deposits based on geometry and seismic
reflector characteristics. Prior attempts to describe the physical characteristics of ice sheet
grounding zone deposits are through core analysis (e.g., Deep Sea Drilling Project
(DSDP) Site 270-273; Cenozoic Investigation of the Ross Sea CIROS-1; Domack et al.,
1999; Licht et al., 1999). In most cases, these core analysis results are hampered by poor
recovery and large error bounds in the estimation of physical properties in cores. The
most viable physical property that has been used to distinguish between different ice
sheet grounding zone facies is the change in the degree of compaction from one facies to
the other (Powell, 1984; Domack et al., 1999 and Licht et al., 1999). Using core samples
taken from a sequence consisting of both glaciomarine and subglacial till, Licht et al.
(1999) interpret subglacial till to be over-compacted relative to glaciomarine deposits. It
is important to note that the order of thickness of piston cores (few tens of centimeters) is
small with respect to seismically defined units presumed to be associated with cycles of
advance and retreat of ice sheet. In the same light, the thicknesses of recent sedimentary
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sequences as observed in core samples is small compared to that of deeper, older
sequences.
This thesis is a pioneering evaluative study on the use of seismic facies analysis
and amplitude variation with offset (AVO) attributes to 1) examine interpreted glacial
unconformities of Bart et al. (2000) and 2) discriminate between different ice sheet
grounding zone deposits based on the contrast in their seismic- inferred physical
properties. Multi-channel seismic data acquired in the Northern basin, Ross Sea
(Antarctica) during the austral summer of 2003 are interpreted using facies analysis
techniques. A seismic facies may be defined as a mappable package of reflections whose
characteristics, such as reflection pattern, amplitude, continuity, stratification, frequency,
and interval velocity, differ from the characteristics of adjacent units (Sangree and
Widmier, 1979). Based on the above-mentioned seismic reflection characteristics,
seismic facies are identified and interpreted to be representative of unique depositional
environments. Seismic data are also analyzed for amplitude variation with offset (AVO)
and AVO attribute stacks such as P-wave, gradient and Poisson’s ratio. The different
AVO attributes give information about local changes in specific properties at boundaries
within a given depositional sequence (Yilmaz, 1987).
A combination of seismic facies and P-wave reflectivity attributes is used to infer
vertical and lateral variations in sediment strength within the stratigraphic sequence of the
different sedimentary deposits. Interpretations from this study are compared to published
core descriptions of grounding zone deposits (Domack et al., 1999 and Licht et al., 1999)
though core dimensions are smaller than the general seismic resolution. Our analysis
suggests results different to those in prior drilling and laboratory studies.
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Reflectivity attributes are estimates of temporal and spatial variations in physical
properties of rocks, and can be used to distinguish in a semi-quantitative manner between
different seismic facies. This study may serve to complement the traditional use of stratal
patterns in interpreting grounding zone sedimentary facies.
1.1 The Glacial Environment
The glacial environment comprises all areas which are in some form of contact
with glaciers (Reading, 1980). In the context of this study, two sub-environments, the
subglacial and proglacial zones provide the dominant processes of sedimentation.
·

Subglacial Environment
The basal or subglacial zone is the lower part of the ice sheet where both erosion

and deposition are influenced by the glacier’s contact with the bedrock underneath
(Reading, 1980; Powell, 1984). Erosion and sedimentation processes occurring in the
basal zone are thought to be dependent on the thermal state at the base of the ice sheet,
thus a wet-based ice sheet like that of the Ross Sea may experience three conditions: net
melting, net freezing or equilibrium (Reading, 1980). Other factors that may influence
basal zone processes (e.g., friction between ice bed and base) are ice thickness, porewater pressure, and characteristics of bed assemblages. An increase in friction tends to
favor the deposition of basal till and deformation of the substrate, if this is composed of
unconsolidated unfrozen materials (Reading, 1980). Frozen sediments have higher
sediment strength than glacier ice but may be moved by the ice sheet in cases where they
overlie weak materials. Observations suggest that the debris rich zone at the base of a
grounded ice sheet could be as much as ten meters thick (Reading, 1980; Domack et al.,
1999; Licht et al., 1999).
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·

Ice Sheet Basal Processes
Ice sheet basal processes are important to the study of subglacial deposits because

they play an immense role in controlling the physical properties of the subglacial till. One
important process that takes place beneath a wet-based ice sheet is basal freeze-on.
Cooler climatic conditions initiate i ce sheet basal freeze-on, a process whereby water
within the pores of underlying subglacial till moves upward and accumulates at the base
of the ice sheet to form new ice known as accretion ice (Christoffersen and Tulaczyk,
2003). Net freezing of the subglacial water layer continues to add ice to the base of the
ice sheet and the ice front gradually plasters the debris of the subglacial till further to the
base of the ice sheet (Reading, 1980; Christoffersen and Tulaczyk, 2003).
Important physical properties of subglacial till such as porosity and sediment
shear strength depend greatly on the drainage conditions in the basal zone of the ice
sheet. In the context of this study, the basal zone comprises the base of the ice sheet,
subglacial till, and the strata below the subglacial till. The drainage condition of the basal
zone is generally a function of the physical property of strata below the subglacial till
(Christoffersen and Tulaczyk, 2003). Depending on the porosity and permeability of the
layer below the subglacial till, either an open or closed water system may dominate the
basal zone of the ice sheet (Christoffersen and Tulaczyk, 2003).
In a closed water system, the stratum below the subglacial till is relatively
impermeable and freeze-on at the base of the ice sheet is nourished by pore water from
the subglacial till (Christoffersen and Tulaczyk, 2003). As the pore water is extracted
from the subglacial till, the grain framework may reduce in porosity and consolidate,
especially if water is not replaced from the underlying strata.
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In the open water system, the stratum below the subglacial till is relatively
permeable and can provide water to the overlying subglacial till unit (Christoffersen and
Tulaczyk, 2003). The subglacial till in turn maintains a high porosity and increased
sediment shear strength, which may give rise to unconsolidated subglacial till.
·

Proglacial Environment
The proglacial environment refers to the zone around the margins in front of a

grounded ice sheet e.g., the glaciomarine environment, where ice floats over a layer of
water (Reading, 1980). Sedimentation in this zone is jointly influenced by ice sheet and
normal marine processes, thus debris can be derived from different sources. The nature of
sedimentation processes is related to whether the ice sheet is advancing, static or
retreating. As ice sheet advances, frontal ablation releases debris that washes down in
front of the ice sheet and falls through the water column (Reading, 1980). Because the
debris is melted/washed out, it is distributed over a large area (Reading, 1980). This
environment may preserve a combination of sub-aqueous outwash, glaciomarine
sediments, and pelagic/hemi-pelagic debris (Reading, 1980 and Powell, 1984).
1.2 Grounding of Ice Sheet: Processes of Glacial Erosion and Deposition
Because the majority of the Antarctic continent is covered by ice sheets, erosion and
transport of terrigenous sediment to the sea is predominantly by subglacial erosion
processes (Anderson et al., 1984). During glacial maxima, ice sheets may gradually
advance from land far into the marine environment and become grounded at the sea floor
(Bartek et al., 1991; Bart et al., 2000). Previous conceptualized ice sheet grounding
models (Cooper et al., 1993; Bart and Anderson, 1995) are generally similar. The
processes of erosion and deposition associated with grounding events are perceived to
occur in the same manner at all Antarctic margins, therefore I have summarized the
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Stage 1

Stage 2
Ice sheet
Freezing at
the base of
ice sheet

Melting at
the base of
ice sheet

Accretion ice
Basal
zone
of the
ice
sheet

Zone of accretion of
new ice. Freeze-on of
subglacial till unto the
base of the ice sheet

Subglacial till

Underlying
strata

Figure 1-1. A schematic drawing of 2 stages of microscopic subglacial processes
accompanying ice sheet basal melting and basal freeze-on: (a) stage 1: as the ice sheet
melts at its base, water percolates into the pores of the subglacial till. (b) stage 2: net
freezing of the water from the pores of the subglacial till continues to add new ice to the
base of the ice sheet and lifts debris of the subglacial till into the base of the ice sheet.
Arrows in stage indicate the direction in which water flow in the pores of subglacial till
(modified from Christoffersen and Tulaczyk, 2003)
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description of grounding events from Cooper et al. (1993) and Bart and Anderson (1995)
to arrive at the four stage ice sheet grounding model for the Ross Sea. Prior to the onset
of any glaciation, the continental shelf is believed to be covered with post-rift
sedimentary deposits that overlie syn-rift sediments (Cooper et al., 1993). Figure 1.3A-D
shows a four-stage conceptual model that illustrates the process of erosion and deposition
during ice sheet advance and retreatl from the continental shelf during a glacial and an
interglacial cycle.
Stage 1 shows the advance of an ice sheet from the continent to the inner shelf
(Figure 1.3A). During this expansion to the shelf, the ice-covered inner continental shelf
becomes a zone of net erosion as sediments are eroded from the proglacial depositional
system. The eroded sediments are subsequently transported via subglacial debris zones
(i.e., beneath the ice sheet) and re-deposited at the new grounding line as prograding
foresets, which downlap onto pre-existing glacial topography on the outer-continental
shelf (Bartek et al., 1991; Anderson and Bart, 1995; Bart, 2003).
The ice sheet continues its advance to the shelf edge in stage 2 (Figure 1.3B).
During this stage, proglacial sediments (i.e. debris in front of the advancing ice sheet) are
continuously stripped from the inner shelf and the distal toes of truncated prograding
foresets becomes preserved on the outer shelf (Bart and Anderson, 1995). The erosional
truncation caused by the advance of the ice sheet across the shelf constitutes a glacial
unconformity that extends all the way to the grounding line. Note that subglacial till
occupies the basal zone of the advancing ice sheet. This debris is probably incorporated
into the base of the ice by the “freeze-on” process described above. Net freezing of the
subglacial water layer continues to add ice to the base of the ice sheet, thereby lifting
debris further into the ice sheet (Reading, 1980).
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In stage 3, the ice sheet advances to the grounding line (the point separating
grounded from floating ice), which in this case is the shelf edge (Figure 1.3C). The ice
sheet retreats from the shelf in stage 4 into the continental realm leaving a glacially
modified topography on the sea floor (Figure 1.3D). The subglacial till at the base of the
ice sheet is released at the grounding line, where some portions of the till overlie redeposited proglacial and glaciomarine deposits (Anderson et al., 1984). The basinward
limit of subglacial till defines the maximum grounding line before retreat (Reading,
1980).
During interglacials (i.e., retreat of ice sheet from the shelf), pelagic and hemipelagic marine sediments may accumulate slowly on the shelf and slope forming
condensed sections (Larter and Cunningham, 1993; Bart et al., 2000). A repeated advance
of grounded ice sheets to the edge of the continental shelf implies a pronounced cyclicity
in sediment supply to the margin (Larter and Cunningham, 1993). The stratigraphic
relationship shown in the figure 1-2D is a simplistic representation of the grounding zone.
Thus, the distribution of grounding zone facies (e.g., subglacial, proglacial and
glaciomarine) should be interpreted with care because facies composition in this type of
environment is largely dependent on the relative contribution of glacial or marine
processes to sedimentation (Powell, 1984).
1.3 Hypothesis for Grounding Zone Sedimentary Facies
Given the assumption that the sedimentary sequence of a typical grounding zone
is made up of a combination of subglacial till and glaciomarine deposits (Powell, 1980
and Licht, 1984), the seismic reflection attributes are used to infer different facies
through physical properties (e.g., acoustic impedance), which may be indicative of
variations in rock type, texture, stratification, fluid content, and degree of diagenesis
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Figure 1-2A. Stage 1: Schematic depiction of an early advance of a thick ice sheet from
the continent realm to the inner shelf. The ice sheet progressively and subglacially erodes
sediment from their proglacial position and pushes them forward as it moves along. Note
the debris zone at the basal portion of the ice sheet. PRD is an abbreviation for post-rift
deposits (Bart, pers. comm. 2005).
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Figure 1-2B. Stage 2: The ice sheet advances to the middle shelf eroding and redepositing
its proglacial deposits at the new grounding line within prograding foresets. These
proglacial deposits are moved in front of the advancing ice sheet and downlap erosion
surfaces, which are thought to have been formed during previous ice sheet expansions.
Note the debris zone at the basal portion of the ice sheet. PRD is an abbreviation for postrift deposits (Bart, pers. comm. 2005).
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Figure 1-2C. Stage 3: Advancing ice sheet reaches its most basin- ward position (i.e. the
grounding line), which in this case is the shelf edge. The distal toes of proglacial
sediments that are stripped from the inner shelf are preserved on the outer shelf. Note the
unconformity that is formed on the shelf as a result of the scouring and erosion of the ice
sheet. PRD is an abbreviation for post-rift deposits (Bart, pers. comm. 2005).
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Figure 1-2D. Stage 4: Ice sheet withdraws from the grounding line with the basal till
being deposited at the position once occupied by the ice sheet. From the outer shelf to the
grounding line of the ice sheet, the subglacial till may overlie proglacial deposits (ice
proximal deposits). Subsequent to the withdrawal of the ice sheet from the shelf,
glaciomarine and pelagic debris may be deposited on top of the existing depositional
sequences. PRD is an abbreviation for post-rift deposits. The red box with smoothed
corners marks the theoretical position of the seismic profile 1a5 and 1a6 (Bart, pers.
comm. 2005).
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across different types of facies. In this study, variation in P-wave reflectivity for a
stratigraphic sequence presumed to consist of subglacial till and glaciomarine deposits is
examined under two scenarios. The over-compacted till designation is the result of core
analysis (Domack et al., 1999 and Licht et al., 1999), whereas normally-compacted till is
theoretical but extremely possible.
·

Scenario 1
The illustration in Figure 1-3 suggests that an over-compacted subglacial till

(Domack et al., 1999) should be of higher P-wave velocity relative to overlying
glaciomarine deposits. An anomalous decrease in acoustic impedance down across the
base of a seismic facies may indicate the presence of over-compacted subglacial till
underlying a less compacted material.
·

Scenario 2
In the case of a normally compacted subglacial till over glaciomarine deposits

(Figure 1-3), there should be no deviation from the normal compaction trend for common
sedimentary rocks so that compaction and P-wave velocity both increase with depth.
1.4 Objectives of Study
This study uses multi-channel seismic data to study the distribution of different
facies on the Ross Sea continental shelf. A combination of seismic facies interpretation
and P-wave reflectivity attribute analysis is used to remotely distinguish subglacial till
from glaciomarine deposits and infer the physical properties of identified subglacial till.
1.5 Assumptions
For this study, several assumptions are made regarding the conceptual model for the
sedimentation processes, the products associated with ice sheet grounding zones and the
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expected acoustic impedance patterns (Figure 1-3).
1. Cenozoic grounding events of Antarctica ice sheets on Ross Sea continental shelf
are assumed to be valid. For instance, it is assumed that ice sheets have advanced
over Antarctica continental margins and that features like erosional
unconformities and ice sheet grounding zone deposits are produced by such
advances.
2. It is assumed that the sedimentary sequence of the Ross Sea continental shelf is
made up of a combination of both glaciomarine deposits and subglacial till, with
the possibility of intermediate facies. Subglacial till are sediments deposited in
contact with an ice sheet. Loose sediment particles from the rock underneath the
ice sheet are plastered to the frozen base of the ice sheet and undergo shearing
under the weight of the ice to form subglacial till. Glaciomarine deposits may be a
combination of glacier-derived melt-water, pelagic/hemi-pelagic debris. Because
of the varying degree of proximity and involvement of ice sheet in the processes
for depositing subglacial and glaciomarine sediments, each type of deposit may
possess unique diagnostic physical properties.
1.6 Study Area
The study area is located in the Northern basin, northwestern Ross Sea, Antarctica
(Figure 1-4). The Ross Embayment is at the boundary between East and West Antarctica
(Domack et al., 1999). The Ross Embayment is bounded on the west by the TransAntarctic Mountains (TAM) of Victoria Land, on the south by the Ross Ice Shelf (an
extension of the West Antarctica Ice Sheet), on the east by Marie Byrd Land, and on the
north by the Pacific Ocean (Anderson, 1999; Domack et al., 1999). Water depths of the
Ross Sea continental shelf are deeper than most continental shelves - for example,
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Anticipated Lithology

Expected Acoustic Impedance
-

+

glaciomarine deposits

Scenario 1

over-compacted subglacial till
glaciomarine deposits
glaciomarine deposits

Scenario 2

normally-compacted subglacial till
glaciomarine deposits

Figure 1-3. Illustration of possible scenarios expected from subglacial till overlying
glaciomarine deposits in an ice sheet grounding zone. Changes in acoustic impedance can
be used to infer the nature of reflection at the boundaries.
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Figure 1-4. Map showing portion of the Northern Basin, northwest Ross Sea. The 1000
and 2000m bathymetric contours lines on the shelf and slope are drawn in grey. The thin
and thick black lines represent the location of seismic profile 1a5 and 1a6 respectively.
The inset map shows the Antarctic continent, with the location of the Ross Sea outlined
with a box. Maps are in stereographic projection.
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maximum water depths can reach approximately 1200 meters in the western Ross Sea
with the average depth ranging between 500-600 meters (Licht et al., 1999). As in many
glacial settings, the continental shelf slopes toward the continent. The Ross Sea area
constitutes an excellent location to study Cenozoic glacial deposits and features because
it receives ice sheet drainage from approximately 25% of the continent and comprises
basins that are sites of preservation of stratigraphic records relating to ice sheet erosion
and deposition (Bartek et al., 1997).
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CHAPTER 2. GEOLOGIC BACKGROUND
2.1 Geologic History of the Ross Sea
The Ross Sea is a large embayment (approximately 45,000 km2 ) along the Pacific
coast of Antarctica at the boundary between East and West Antarctica (see inset map in
Figure 2). The Ross Sea embayment is a passive margin that develops in response to
extensional tectonism during the Cretaceous Gondwana break-up (Davey, 1981;
Anderson, 1999). The first major rifting episode that initiates the creation of the Ross Sea
margin occurs during the Early Cretaceous (Anderson, 1999). During this rifting,
continentally- derived non-marine, shallow marine sediments and in some cases layered
volcanic sediments are deposited in the rift basins. A second stage of rifting occurs after
the Eocene (Cooper et al., 1988).
The Transantarctic Mountains (TAM) are an intra-plate mountain belt, whose
formation is most likely related to thermal uplift along the edge of a rift system
developed during the second stage of rifting in the Ross Sea. The degree to which uplift
of the TAM is associated with rifting in the Ross Sea embayment has not yet been
resolved (Cooper, 1991). The TAM forms a boundary between the East and West
Antarctic ice sheets, and divides the Antarctic continent into two glacial catchment areas
(Anderson, 1999). Tectonic activities are believed to have influenced the early evolution
of ice sheet on the continent (Anderson, 1999). The structural settings and depositional
styles of sedimentary units of the Antarctic margin vary according to different histories of
rifting, margin subsidence, sediment supply, sea level fluctuation, and depositional
processes during glacial and non-glacial periods (Anderson, 1991; Cooper et al., 1993).
Five sedimentary basins in the Ross Sea are identified through seismic refraction,
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Figure 2-1. Map showing location of the five sedimentary basins (Cooper et al., 1991b) in
the Ross Sea area. The sedimentary basins are colored light gray. The study area is
represented by a white rectangle within the Northern basin (modified from Davey, 1987).
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magnetic, and gravity surveys (Hinz and Block, 1984; Cooper et al., 1991b; Cooper et al.,
1995). These sedimentary basins are Victoria Land Basin, Central Trough, Northern
basin, Eastern Basin and Marie Byrd basin (Figure 2-1). These sedimentary basins are
interpreted to consist of a combination of subglacial and/or glaciomarine strata bound by
erosional unconformities associated with advancing ice sheets.
2.2 Glacial Unconformities
Glacial unconformities are important because they bound and in some cases
truncate depositional facies of Ross Sea continental margins (De Santis et al., 1995).
Landward-dipping erosional surfaces are the strongest evidence of ice sheet grounding on
Antarctica continental shelf (Anderson and Bartek, 1992). In line with the seismic
stratigraphic method of Alonso et al. (1992); De Santis et al. (1995); Bart and Anderson
(1996) and Bart et al (2000), glacial unconformities are inferred from seismic profiles
based on the following reasons: 1) regional extent of observed reflectors and 2) regional
cross-cutting relationships between underlying and overlying units.
Along strike-oriented seismic profiles, these landward-dipping reflectors exhibit
considerable relief similar to the present-day sea floor and are on the order of tens of
kilometers wide (Anderson, 1999). Figure 1-2D shows an example of an erosional
unconformity, which formed as a result of intense scouring of sediment cover off the
continental shelf. These erosional surfaces are interpreted to be troughs carved by
flowing ice streams within the ice sheet (Alonso et al., 1992; Anderson and Bartek,
1992). Bart and Anderson (1996) and Bart (1998) were able to document that glacial
unconformities on the continental shelf in the northwestern Ross Sea extend seaward as
conformable surfaces within trough mouth fans.
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Figure 2-2 A cartoon illustrating the generalized cross section across the Antarctic
continental margin showing an upper unit of likely Cenozoic subglacial/glaciomarine
sequences overlying older units of pre-glacial rocks in rift basins and covering the
basement complex of continental and oceanic crust. Figure is not drawn to scale
(modified from Cooper et al., 1993).

22

2.3 Seismic Stratigraphy of the Ross Sea Continental Shelf
Over the last two decades, the stratigraphic records of glaciation in Ross Sea as
well as other Antarctic continental margins have been documented on the basis of seismic
profiles. Cooper et al., (1993) published a seismic-stratigraphic cross-section across the
Antarctic passive margin (Figure 2.2) showing Paleogene and older pre-glacial syn-rift
rocks, glaciomarine sequences and relative positions of the paleo-depositional shelf edge
on the Antarctic continental margin with respect to sea level. Whereas dip-oriented
profiles show the onlapping and offlapping succession of seismic units, strike-oriented
profiles show erosional relief as a consequence of ice sheet grounding on the continental
shelf (Cooper et al., 1993). A compilation of seismic stratigraphic studies (Hinz and
Block, 1984; Bartek et al., 1991; Anderson and Bartek, 1992; Brancolini et al., 1995; and
ANTOSTRAT, 1995) use thousands of kilometers of seismic profiles and Deep Sea
Drilling Program (DSDP) Leg 28 data to develop a regional seismic stratigraphic
framework of the Ross Sea. Table 1 shows the correlation seismic sequences in the
Northern Basin with the above-mentioned previous studies. Deposits of the Northern
basin are believed to include Mesozoic, primarily Cretaceous and possibly Paleogene
deposits (Anderson, 1999). Neogene sequences occur in the southern part of the basin,
but Late Miocene through Pleistocene trough mouth fans exist in the northern part of the
Northern basin (Anderson and Bartek, 1992). In Table 1, Neogene seismic stratigraphic
units and glacial unconformities on the Northern basin continental shelf are correlated to
DSDP Leg 28 Site 273 (Savage and Ciesielski, 1983) and to seismic units described in
(Hinz and Block, 1984; Cooper et al., 1987; Anderson and Bartek, 1992; ANTOSTRAT,
1995; Brancolini et al., 1995). According to Hayes and Frakes (1975), two major units
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are identified in DSDP 273: (i) a Pliocene-Pleistocene unit (0-41m), and a Mid-Early
Miocene unit (41-346.5m). These two units are separated by the Ross Sea Disconformity
(RSD), which Savage and Ciesielski (1983) estimate to represent 10.7 million years at
Site 273 (Bart et al., 2000). Generally, the Northern basin is characterized by thick
Middle Miocene and older deposits underlying a major Mid-Miocene unconformity,
RSU2 unconformity (ANTOSTRAT). Unconformity 10 is a regionally extensive seismic
reflector (deepest unconformity) for the study of seismic units and unconformities on the
Northern basin continental shelf (Bart et al., 2000). At least nine other regionally
prominent reflectors (unconformities 1-9) are recognized above unconformity 10. These
unconformities bound units that exhibit general topset/foreset geometry. Seismic
stratigraphic correlations of Bart et al. (2000) suggest that units 10 through 2 post-date
the youngest middle Miocene strata sampled at Site 273. Sedimentary packages that are
of primary concern in this study correspond to glacial sequences that are stratigraphically
above unconformity 10 of Bart et al. (2000).
2.4 Characteristics of Grounding Zone Facies
A number of different terminologies have been used in several publications to
describe sedimentary deposits of polar grounding zones like that of the Antarctic
continental shelf (Powell, 1984; Domack et al., 1999; Anderson, 1999; and Licht et al.,
1999). For instance, Powell (1984) defines the glaciomarine environment to include all
sediments deposited in the sea after being released from grounded ice sheet. He further
states that these deposits could originate from melt-water streams or that part of the
sediments may be non-glacial (e.g., hemi-pelagic mud, biogenic ooze, etc.). According to
Powell (1984), subglacial till from lodgement, melt-out and debris flows, is classified as
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Table 1: Seismic sequences in the Northern Basin Ross Sea (Bart et al., 2000) and its correlation with previous studies.
DSDP
Site 273
Savage and
Cielsielski,
1983
Unit 1

Ross Sea
Disconformity

Unit 2

ANTOSTRAT, 1995; Brancolini et al., 1995
Bart et al.,
2000

Units in
Northern
basin

Bounding
Unconformities

Unit 1
Unit 2

RSS-8

Sea floor RSU1

Unit 3 - 9

RSS-7

RSU1 – RSU2

Unit 10

RSS-6

RSU2 – RSU3

RSS-5

RSU3 – RSU4

Middle Miocene

RSS-4

RSU4 – RSU4a

Early Miocene

Middle
Miocene
Early
Miocene

age assigned
Pleistocene late
Pliocene
Early – late
Pliocene
Early Pliocene –
late Miocene

Anderson & Bartek, 1992
Units in
Northern
basin

Revised age
assignment

Units 1-8a
(undifferent
iated)

Pliocene Pleistocene

Hinz and
Block, 1984

V1

Seafloor - U1

V1

U1 – U2

Unit 9
(topa)
Unit 9
(base)

Early Pliocene –
late Miocene (?)

V1

U2 – U3

Middle Miocene

V1

U3 – U4

Unit 10

Early Miocene

V2

U4 – U4A

Note that aUnit 8 and the top of the Unit 9 are not sampled at any of the DSDP Leg 28 drill sites
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Coop
er et
al.,
1987

subdivisions of glaciomarine deposits. Given that in a polar setting, sediment
characteristics change as a function of distance from the grounding line of ice sheets
(Licht et al., 1999), sediments are better classified on the basis of proximity to the ice
sheet grounding line. Differences in the relative concentration of ice-rafted, biogenic, and
fine terrigenous components reflect variations in the relative influence of glacial and
various marine processes and eventually determines the type of sediments that are
deposited (Powell, 1984). In general, sediments are initially aggregated in a marine
setting before modification by glacial processes to produce subglacial till (Domack et al.,
1999; Licht et al., 1999). Based on published analysis of cores from western Ross Sea
(e.g., Domack et al., 1999 and Licht et al., 1999), subglacial till deposits are interpreted to
be different from glaciomarine deposits. In the context of this study, subglacial till and
glaciomarine deposits are assumed to be the two dominant types of glacial deposits that
will be discussed.
·

Subglacial Till
Subglacial till are sediments deposited in contact with an ice sheet. Till may be

formed under the glacier from the debris layers that ride along. Anderson (1999)
suggested that till may also occur as a proglacial deposit; dumped at the glacier front
when an ice sheet retreats or when an ice sheet calves. According to core analyses (e.g.,
Reading, 1980; Anderson, 1999; Licht et al., 1999), s ubglacial till may possess the
following characteristics: (1) lack of sorting; (2) absence of marine fossils; (3) high
sediment strength; (4) massiveness; (5) textural and mineralogic homogeneity; (6) lack of
stratification. In terms of physical properties, subglacial till is also believed to be low in
water content and have a high sediment strength (Reading, 1980; Anderson, 1999; Licht
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et al., 1999). The characteristic of subglacial till depends on factors like the degree of
lithification, porosity of the sediment, amount of melt-water at the ice-bed interface, and
velocity of the ice flowing over the bed (Anderson 1999).
·

Glaciomarine Deposits
These are sediments laid down through marine and glacial processes at proximal

and distal ice sheet locations. The glaciomarine deposits generally encompass all
sediment deposited in the sea after being released from sea glaciers (Powell, 1984).
Glaciomarine sediments may then be described as derived as a combination of debris
from glacier-derived melt-water, and pelagic/hemi-pelagic deposits (Powell, 1984).
Glaciomarine deposits are distinguished from subglacial till by the presence of more
variable total organic carbon content, stratification, higher concentrations of marine
fossils, and higher sand content (Domack et al., 1999). Stratification and particle-size
variation are evidence of variation in sedimentation, which may result from settling of
debris through the water column rather than from a subglacial depositional environment
(Licht et al., 1999).
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CHAPTER 3. SEISMIC METHODS
3.1 Seismic Acquisition
Multi-channel seismic reflection (MCS) data were acquired on board NSF R/V
ice-breaker Nathaniel B Palmer cruise 0301A during late January and early February,
2003 across Northern basin, western Ross Sea. Seismic data for this study are acquired
along generally dip-oriented transects within coordinates - latitude 72° 30΄S - 73° 30΄S,
and longitude 173° E - 175°30΄E (Figure 1-4). The seismic acquisition information is
extracted from field reports of Lorenzo (pers. comm.) in January 2003.
·

Seismic Sources
The choice of seismic sources for the different phases of seismic acquisition used

on R/V NB Palmer depends on the depth of penetration needed, and is limited by the
electrical synchronization of shooting, sea- ice and weather. Five GI airguns are towed
behind ship: four of them being used at any one time and one acting as a ready spare, also
known as a “wet spare” (Figure 3-1). All four guns are shot at a nominal target time
shooting interval of 8 seconds. GI guns provide better resolution for the Cenozoic seismic
sequences. Bolt-brand airguns are more appropriate for deeper, older structures. GI guns
are synchronized to inject additional compressed air into the collapsing bubble produced
after the initial pulse of air is released into the water column, thereby dampening
successive oscillations and shortening the overall length of the source signature. A
Syntron Marine Seismic Source Controller plus SPS-90 Power supply is used to
synchronize the guns and onboard recording devices at shot time. Each GI gun is
configured with a double-chamber capacity of 210 cubic inches. All are towed at a
nominal depth of 6.1 meters, similar to the average towing depth of the MCS streamer.
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Figure 3-1. Layout of air guns towed behind the ship. Five GI air guns are towed; four are
used to shoot and the fifth one acts as spare. All guns are towed at a nominal depth of 6.1
meters (Lorenzo, pers. comm.., 2003).

Figure 3-2. Layout of multi-channel streamer is towed behind the ship. Towing depth and
flotation are maintained by bird collars (Lorenzo, pers. comm., 2003).
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When sea-ice density increases as during portions of the tracks along which profiles 1
through 6 are acquired, the distance between the lead gun and the ship’s bow is reduced
to 42 feet. Because the MCS streamer is towed from the first active channel, the guns are
located adjacent to the second active channel.
·

Seismic Receivers
All multi-channel seismic acquisition is carried out with a 48-channel analog

streamer. An illustration of how the multi-channel streamer is towed from the shipboard
of R/V Ice Breaker N.B. Palmer is shown in Figure 3-2. Bird collars are installed at the
tail end of each section of the streamer, except in the last section, where the bird is shifted
to the center (Figure 3-3a). These “birds” are combination devices that measure the
streamer depth and heading and control streamer depth. The layout in figure 3-3
illustrates the spatial distribution of the eight sections of the multi-channel streamer
behind the ship. Figure 3-3b shows the segments of the streamer, their different lengths
and the arrangement of receiver channels within each section.
Seismic records are 5 seconds long and are sampled at 1 millisecond intervals. The MCS
data are collected along lines 1a1, 1a2, 1a3, 1a4, 1a5 and 1a6, but data recovery is only
good along 1a5 and 1a6. There are limitations to acquiring good seismic data in icecovered waters. Most important of these are the length of the streamer, configuration and
tow depth of the source and receivers behind the ship. Because of the unavailability of a
tow leader, the streamer is towed from on board the ship with the first active section joint
hanging in the air just behind the rail, making data from the first four channels unusable.
The seismic data also contains some noise from the ice-breaker, engine noise, and
turbulence. In general, the quality of the data along lines 1a5 and 1a6 is good.
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Ship – 150m – B1 – 150m – B2 – 150m – B3 – 300m – B4 – 150m – B5 – 150m – B6
– 75m – B7 – 75m – Tail

(a)

(b)

Figure 3-3. Schematic drawing of the different sections of the streamer and the
arrangement of receivers within the sections. (a) bird collars used for flotation and depth
control, represented by ‘B1 to B7’ are positioned at the end of each section of the
streamers. Distance between bird collars are indicated in meters (b) a section consists of
six channels, ten hydrophones per channel. Hydrophone spacing is 25 meters (Lorenzo,
pers. comm., 2003).
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3.2 Seismic Processing
MCS data are loaded from magnetic tapes in SEGY format using proprietary
Omega Seismic Processing System (OmegaSPS by WesternGECO, a Schlumberger
company). The seismic data are subsequently converted into an internal format known as
Seismic Structured File, which is the acceptable format for data input in OmegaSPS.
Figure 3-4 shows selected shot gathers of the raw data from profile 1a5.
Seismic processing uses OmegaSPS ‘process flows’, which are documented in the
appendices (A through K). Each process flow (referred to as ‘seisflow’ in the context of
this study) comprises geophysical language algorithms called Seismic Function Modules
(SFM) arranged sequentially to perform specific functions on seismic data. The
parameters required for the operation of the underlying algorithm are in some cases
available on the seismic/trace headers and in other cases are supplied by the user.
·

Trace Editing
In order to enhance the quality of data and interpretation of physical properties

from seismic data, bad seismic traces are first deleted. Degradation of signal-to- noise
ratio that is associated with bad traces is visually identified. A noisy trace is one of
unusually lower frequency and higher amplitude compared to that of the background
signal. A seismic trace from receiver channels that are closer to the ship record more of
the noise from the ship together with useful reflection events. Because the streamer is
towed from the first active section and partly out of the water, the first four channels in
all shot gathers are very noisy (Figure 3-4), thus they are deleted (Figure 3-5). Trace 13 in
all shot gathers is also corrected for reversed polarity.
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·

Trace Header Modification

Three steps are taken to modify trace header information. In the first step, the acquisition
geometry from trace headers is written to a table created in a geometry database. Survey
geometry information that are sourced from the seismic headers such as shot-point
number, source and detector longitude and latitude coordinates are also written to a
second database. In the second step, longitude and latitude coordinates that are contained
in the text files are converted to Mercator projection system in meters using Perl
computer language. Then in the third step, shot and receiver locations in Mercator
projection are then written to the seismic trace headers. Detailed documentation of the
above- mentioned processes is contained in Appendices B through H.
·

Frequency Filtering
A typical marine seismic data typically contains low-frequency noise and high-

frequency ambient noise such as effect of sea waves (Yilmaz, 1987). Reflection signals
often dominate over noise only within a limited frequency range. In order to optimize the
signal-to-noise ratio, frequency filtering is applied such that the filter should pass
frequencies where the signal dominates and reject those where the noise dominates
(Sheriff and Geldart, 1983). To achieve the desired signal to noise ratio, a band-pass filter
is applied to the seismic data as follows:
Low-Cut Frequency

10 Hz

Low Slope

6 dB/octave

High-Cut Frequency

100 Hz

High Slope

12 dB/octave

33

Noise: Traces 1-4

Figure 3-4. Display of selected common-shot gathers (raw field record) from profile 1a5. Each shot gather comprises 48 traces. The
red rectangle highlights traces 1-4, which are noisy.
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Traces 1-4 deleted

Figure 3-5. Display of the same shot gathers shown in Figure 3-5. Traces 1-4 are deleted and trace 13 in all shot gathers is corrected
for reversed polarity.
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Pass-band filters are automatically scaled such that the amplitude of the data in the passband remains essentially unchanged. The processing software algorithm basically
constructs a zero-phased wavelet with an amplitude spectrum that meets pass-band
conditions.
·

Common Mid-Point (CMP) Sorting
Seismic data acquisition with multifold coverage is done in shot-receiver

coordinates. On the other hand, seismic data processing conventionally is done in
midpoint-offset coordinates (Yilmaz, 1987). After initial signal processing (e.g., trace
editing, filtering), the data are transformed from shot-receiver to midpoint-receiver
coordinates. This process requires field geometry information, that is the latitude and
longitude coordinates of shot and receiver locations for all traces stored in the trace
headers. Traces with the same midpoint location are grouped together, making up a
common mid-point (CMP) gather. CMP sorting is actually accomplished by assigning
seismic traces to geometrically-defined midpoint locations between sources and receivers
(bins), and regrouping these data according to the same midpoint latitude and longitude
coordinates. Note that each trace is associated with the uniquely defined geometric
midpoint for subsequent processing. Figure 3-6 shows randomly-picked CMP gathers
from profile 1a5.
·

Normal Moveout Correction
Normal moveout (NMO) is the two-way travel time difference for a given

reflector event at a given offset and at zero offset (Yilmaz, 1987). Normal moveout
corrects each sample time for non- vertically incident ray paths using a specific velocity
function. The velocity required to correct for normal moveout is called NMO velocity
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Figure 3-6. Representative common- midpoint (CMP) gathers of profile 1a5. Each individual trace is representative of the midpoint
between the shot and receiver locations axis associated with that trace. All traces within the same CMP gather share the same
midpoint. Horizontal represents trace interval, which is 12.5m. Vertical axis represents two-way travel time in millisecond; 1 unit is
100 milliseconds. Vertical axis represents times in milliseconds; tick mark spacing is at 100 milliseconds.
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and is the velocity that best flattens the reflection hyperbola before stacking the traces
within a CMP gather. Assuming a layered media with insignificant dip, the stacking
velocity relates to NMO velocity because NMO correction flattens the primary events to
their zero offset time so that the stacked trace approximates the ideal zero offset trace
Stacking velocity, calculated from a coherency of hyperbolic events relates to the root
mean square velocity of the layers down to the reflecting interface (Stewart and
Ferguson, 1996). In computing NMO for input traces, CMP numbers from the trace
header are used as control points to locate where the velocity function is needed along the
data. As the input traces are moveout corrected, traces that represent farther shot-toreceiver offsets are stretched out across longer output time, thereby distorting the
frequency component of the original data (Yilmaz 1987). This distortion increases and
becomes more significant at shallower times and large offsets. To prevent the degradation
of shallow and large offset events of the record and generate a more realistic stacked
section, those portions of traces that are stretched during the moveout correction by more
than 10% are muted. Figure 3-7 shows a common midpoint gather from profile 1a5 after
the full NMO correction and appropriate stretch-muting is applied. Muting is done in
order to preserve the true amplitude of our seismic data because any modification to the
original amplitude of the seismic data may bias our interpretation.
·

Velocity Function
The velocity functions generated for profiles 1a5 and 1a6 are documented in

tables Velocity- funtion1 and Velocity- function2 (Appendix J). Tables Velocity-funtion1
and Velocity- function2 (Appendix J) contain stacking velocity values as a function of
two-way travel time at specific CMP locations. The input velocity functions are linearly

38

muted zone

sea floor multiples

Figure 3-7. Selected common- midpoint (CMP) gathers of profile 1a6 after normal moveout correction using the stacking velocity
function listed in Appendix J. The degrading effect of NMO stretching is removed by muting. The uncorrected hyperbolic events at
1400msec on each CMP gather represent sea floor reflection multiples. The horizontal axis represents the trace interval, which is
12.5m. Vertical axis represents times in milliseconds; tick mark spacing is at 100 milliseconds.
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interpolated between CMP locations for which the values are determined. Due to
problems with the velocity analysis module of the processing software, it is impossible to
do seismic velocity analysis.
3.3 Polarity of Seismic Data
The polarity of the seismic data is best determined by examining enlarged images
of the stacked seismic sections near the sea floor reflector character. Figure 3-8 displays
the wiggle plot of various types of waveforms associated with wave reflections from
interfaces separating medium of contrasting acoustic. A wiggle plot is a type of seismic
display where the amplitude is shown as a horizontal deflection from a baseline or zero
crossing (Liner, 2004). This wiggle plot may be displayed with area fill such that
deflection to the right of the baseline (peak) is filled with black and deflection to the left
of the baseline (trough) is not filled. Variable area is another type of display in which
seismic amplitude is assigned a gray value between black and white.
A positive contrast (increase) in acoustic impedance across a boundary in the
down-going direction is represented by a trough, or deflection to the left. A negative
contrast (decrease) in acoustic impedance across a boundary in the downgoing direction
is represented by a peak in the waveform, or deflection to the right. In this study, the
reference “normal’ polarity is that associated with the sea floor reflection (Figure 3-9).
Figure 3-9 highlights the sea floor reflection character displayed within a section of a
CMP gather (profile 1a5). The sea floor reflection polarity is best determined along an
area of flat sea floor reflection with the least interference effects from nearby underlying
reflectors.
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Acoustic
Impedance
Increasing
Two
Layer
Case

Original
Interpolated
Polarity
variable
(zero-phase area display
wiggle)

Polarity
with 90°
phase shift

Layer 1

Implications

Idealized reflection waveform at an
acoustic boundary across which there is
an increase in acoustic impedance

Layer 2

Layer 1

Idealized reflection character at an
acoustic boundary across which there is
a decrease in acoustic impedance

Layer 2

Three
Layer
Case

Interpolated
variable
area display

Layer 1

With reference to a sea floor reflection
polarity above (i.e. layer1/layer2), the
polarity reversal across the layer 2/layer
3 interface indicates a transition into a
medium of relatively lower acoustic
impedance

Layer 2
Layer 3

Figure 3-8. Schematic diagrams of idealized reflection waveforms at boundaries between layers of different acoustic impedance. The
variable area seismic display assigns interpolated shades of grey between peaks (black) and troughs (white) associated with reflection
at boundaries. Peaks are colored black and troughs are colored white. Wiggle plot peaks are colored black and trough are left
uncolored in a background white.
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Sea floor reflections

Figure 3-9. Sea floor reflection display in variable-area wiggle for CMP numbers 1101 through 1251 along profile 1a5.
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3.4 Seismic Analysis
·

Amplitude Variation with Offset (AVO) Method
The amplitude variation with offset (AVO) method is used to evaluate reflections

believed to represent the boundaries between subglacial, ice-proximal and ice-distal
glaciomarine deposits. Domack et al. (1999) and Licht et al. (1999) conclude from core
analysis that subglacial till found in the Ross Sea is of high sediment strength and overcompacted compared to glaciomarine deposits. An AVO effect may be produced by the
change in physical properties (e.g., velocity, Poisson’s ratio) at the lithologic boundary
between subglacial till and glaciomarine deposits. For a down-going seismic wave,
amplitude increase with offset is expected to characterize the boundary separating a unit
of over-compacted subglacial till beneath relatively less compacted glaciomarine
deposits. The reflection coefficient is an estimate of the strength of a reflection across the
interface between two media. Given the densities and P-wave velocities of two media
(Figure 3-10), reflection coefficient R is defined as the ratio of amplitude of the reflected
wave to that of the incident wave (Burger, 1992). For a normally- incident P-wave, the
reflection coefficient can be expressed as:
R = (r2 V2 – r1 V1 ) / (r2 V2 + r1 V1 )
Where R = reflection coefficient, whose values range from -1 to +1
r1 = density of medium 1
r2 = density in medium 2
V1 = wave velocity in medium 1
V2 = wave velocity in medium 2
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Figure 3-10. Schematic diagram showing reflecting and refracting rays at the boundary
between two acoustic media. Medium 1 is of higher acoustic impedance and medium 2 is
of lower acoustic impedance. For moderate angle of incidence, reflection coefficient
increases with reflection angle.
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The P-wave reflection coefficient at a boundary separating two media is known to
vary with offset and angle of incidence (Ostrander, 1984). The amount by which it varies
is strongly influenced by the Poisson’s ratio contrast between the two media (Castagna
and Backus, 1993). For moderate angles of incidence, the change in reflection coefficient
with offset is significant when the Poisson’s ratio differs between the two media
(Ostrander, 1984). Zoeppritz equations (Zoeppritz, 1919) relate the reflection coefficient
for plane elastic waves to the reflection angle at a single interface separating two elastic
media. Approximations to the Zoeppritz’s equations (e.g., Aki and Richard, 1980; Shuey,
1985) can be formulated to estimate the changes in any physical properties that are
derivable from seismic data.
Amplitude variation with offset (AVO) analysis refers to the isolation and
analysis of the theoretical relationship between reflection coefficient, incident angle, and
the variation in compressional wave velocity (Vp ), shear-wave velocity (Vs), and density
(r) across an interface (Shuey, 1985). The goal of the AVO analysis technique is to
deduce rock properties of subsurface lithologies from local amplitude variation over
reflectors as observed on pre-stack or stacked seismic reflection data. An observed
variation in the reflection coefficient strength is affected mainly by the relative values of
Poisson’s ratio of the two media (Castagna and Backus, 1993). For example low velocity
gas sand tends to exhibit abnormally low Poisson’s ratios. Figure 3-11a illustrates the
three- layer gas sand model of Ostrander (1984). Entering the sand from above, a 20% and
10% velocity and density reduction is observed. For this model, a normal incidence
reflection coefficient of -0.16 and +0.16 is obtained for the top and base of the sand.
Figure 3-11b shows the increase in reflection coefficient with offset obtained for the base
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Figure 3-11. (a) A hypothetical model showing gas sand encased in shale (b) plot of Pwave reflection coefficient as a function of angle of incidence for the top and bottom of
the gas sand (Ostrander, 1984).
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and top of the gas sand. For commonly used angle of incidence, the relative change in
amplitude is significant when the Poisson’s ratio contrast between two media is large
(Castagna and Backus, 1993).
Prior AVO work done by interpretation geophysicists has been focused on gas sand
reflections (Rutherford and Williams, 1989). A large contrast in Poisson’s ratio between
gas sand and the layers above and below is considered the main factor responsible for the
detectable variations of amplitude with offset (Rutherford and Williams, 1989).
Assuming that subglacial till is over-compacted compared to overlying glaciomarine
deposits, amplitude increase in offset may be observed at the subglacial till- glaciomarine
boundary if there is enough Poisson’s ratio contrast between the two sediment types.
However, the expected Poisson’s ratio contrast needed to elicit an AVO response still
remains unclear, as a wide range of AVO characteristics is possible (Ostrander, 1984).
·

AVO Attribute Analysis
AVO attribute analysis is a means of stacking NMO-corrected, CMP-ordered

seismic data for different attributes. These different attributes are related to the physical
properties of sediments. Traditional AVO analysis involves computation of the AVO
intercept, gradient, and higher-order AVO term from a least-square linear fit of P-wave
reflection amplitude to the square of sine of the angle of incidence. This fit is based on
the approximate P-wave reflection coefficient formulation in intercept- gradient form,
given by Bortfeld (1961) and Shuey (1985) among others.
According to Shuey, 1985, for reflection angles q less than about 25°, P-wave
reflection coefficient R (q), for waves reflected from the interface between two elastic
media, varies approximately linearly with sin2 q. In practice, amplitudes picked along a

47

moveout-corrected event on a CMP gather plotted against sin2 q are fitted to a straight line
(Figure 3.12). The slope of the line gives the AVO gradient attribute and the ordinate at
zero angle gives the AVO intercept attribute. Assuming the straight ray approach, and
using a maximum shot-to-offset distance of 1175 m, the maximum angle of incidence θ
for the sea floor reflection is estimated to be about 30 degrees. Incidence angles of
between 20 and 30 degrees are common in CDP recording today (Ostrander, 1984).
Because of refraction, a 30-degree incident angle at the sea floor is expected to be less at
deeper acoustic boundaries.
Ri (q) = Gi sin2 q + Rp
where

(3.1)

Ri (q) = reflection amplitude at sample index i and angle
Rp = intercept at sample index I (reflection amplitude at normal incidence)
Gi = gradient at sample index i

From Aki & Richard (1980) and Shuey (1985), it can be derived that
Rp

=

½ (DVP /VP + Dr/r)

(3.2)

G

=

½ (DVP /VP + 2DVs/Vs - Dr/r)

(3.3)

where VP = average P-wave velocity on either side of the reflecting interface
Vs = average S-wave velocity of media across reflecting interface
r = average bulk density of media across the reflecting interface
s = average Poisson’s ratio of media across the reflecting interface
Ds = change in Poisson’s ratio across the interface
Under certain assumptions it can be deduced that for a background compressional Pshear S velocity ratio, the AVO intercept and gradient values can also be combined to
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obtain additional AVO attributes such as S-wave and Poisson's ratio (Shuey, 1985).
Evaluation of the comparison between the various types of attribute stack and the
conventional CMP stack may be useful in inferring contrast in physical property across
boundaries.
The seismic processing software that is used in the study has an AVO attribute
output module, which derives the estimates for the intercept (P-wave reflectivity),
gradient, Poisson’s ratio, and S-wave reflectivity attributes stacks based upon the AVO
analysis of the input NMO-corrected CMP-sorted seismic data.
The main attributes considered in the AVO analysis are intercept (P-wave
reflectivity), gradient, S-wave, and Poisson’s ratio. Each attribute stack represents a
mathematical approximation of a specific acoustic property of rocks across a seismic
profile. In generating the different AVO attribute stack, a system error in the seismic
processing software is observed. Details of how this system limitation affects our result
are discussed in the next chapter.
·

P-wave (Intercept) Attribute
The intercept attribute represents the reflectivity at normal incidence. In other

words, this attribute measures local changes in P-wave acoustic impedance, which is
directly related to sediment strength and indirectly to porosity and Poisson’s ratio
(Yilmaz, 1987). A local change in the value of this attribute is gotten by comparing the
value at a specific location with the background signature. On a grayscale plot of the Pwave attribute (interpolated variable area), black color indicates an increase in impedance
and white indicates decrease in impedance. Table 2 displays anticipated P-wave
reflectivity for the expected major sediment types in the study area.
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Figure 3.12 Linear fit of AVO curve of reflection amplitude versus sin2 q. Rp is the
intercept, G is the gradient, and q represents the angle of incidence. For reflection angle
of less than 25 degrees, the reflection coefficient of a P-wave reflected from a planar
interface between two elastic media varies linearly with sin2 q (Shuey, 1985).

Table 2. Typical P-wave reflectivity attribute for the expected lithologies
Expected Lithology

P-wave attribute

Subglacial till

High (relative to that of encasing strata)

Glaciomarine

Low
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Figure 3-13. Map showing profiles 1a5 and 1a6 and the points where they intersect NBP
94-04 (Bart et al., 2000) and NBP 95-06.
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3.5 Correlation to Seismic Unconformities of Bart et al., (2000)
Profile 94-04 from Bart et al. (2000) is plotted on the location map for the study
to examine positions where profile 94-04 crosses profiles 1a5 (Figure 3-13). According to
the correlation, 6 reflection events are matched at the approximate point of intersection of
profiles 94-04 and 1a5. These reflectors correspond to unconformities 3, 6, 7, 8, 9 and 10
of Bart et al. (2000).
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CHAPTER 4. RESULTS
4.1 Interpreted Seismic Facies
One of the best ways to interpret stacked seismic sections is to group seismically
similar reflectors together. A group of seismically similar reflectors may represent
sedimentary layers which are formed by the same type of sedimentation process (Sangree
and Widmier, 1979). In interpreting for seismic facies along profiles 1a5 and 1a6, I used
seismic reflection amplitude strength, continuity, stratification and geometry. Four major
different seismic facies are observed along seismic profiles 1a5 and 1a6- they are seismic
facies 1, 2, 3 and 4. These seismic facies are presumed to be associated with particular
deposit types within the Ross Sea continental shelf.
·

Seismic Facies 1: Interpreted Distal Glaciomarine Deposits
Facies 1 comprises stratified, laterally continuous, internally sub-horizontal

reflectors that generally lie conformably below a regional erosional reflector named
unconformity 10 (Bart et al., 2000). On profile 1a5 (Figure 4-1a), facies 1 extends
temporally from approximately 1.1 sec to higher time values between CMP numbers 1 to
1600 . For CMP numbers greater than 1600 on profile 1a5 and on profile 1a6, this facies
extends from about 1.2 sec to higher time values (Figure 4-1 and 4-2). The lower limit of
this facies is masked by noise and difficult to determine. Facies 1 shows many prominent
alternating seismic events. Reflections with facies 1 may imply that sediment pulses
supplied to the shelf are very high, thus generating deposits of the same type and
thickness (Bartek et al., 1997). Based on similar stratification, horizontality and
continuity, Alonso et al. (1992) interpret this facies as representing glaciomarine (ice
distal) deposits. The seismic characteristics (e.g., good stratification and continuity) of
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facies 1 imply sedimentary strata that are deposited in less turbid glacial setting (Sangree
and Widmier, 1979), as might be encountered in an ice-distal environment. These
sedimentary strata that are laid down in deep and quite marine environment where they
are usually not affected by sheet-flow gravity flow processes. Therefore these strata
exhibit good stratification and lateral continuity. Amplitude strength within this facies
varies from high to moderate. The difference in reflection strength may be linked to
proximity of sedimentary facies to the ice sheet grounding line. For instance, proximity to
the grounding line may give way to reworking of more sediments, giving rise to
relatively low amplitude reflections while the inter-bedding of pelagic and ice rafted
debris deposits at other locations may cause high amplitude, parallel reflections (Bartek
et al., 1997). Within this facies, we interpret subtle unconformities, which are evidenced
by rough surface scattering and small truncation of reflection events (Figure 4-1 and 4-2).
·

Seismic Facies 2: Interpreted Proximal Glaciomarine Deposits

Facies 2 is composed of low-amplitude reflectors of dipping clinoform geometry that
prograde for several tens of kilometers and downlap underlying sub- horizontal reflectors.
On profiles 1a5 and 1a6, facies 2 typically ranges in thickness from about 250 to 300
milliseconds (i.e. upper time limit of ~850 msec and lower time limit of ~1150 msec )
and extends throughout profiles 1a5 and 1a6 (Figure 4-1 & 4-2). Facies 2, throughout
most of the area is bound at its top and bottom by unconformities 9 and 10 (Bart et al.,
2000) respectively. Unconformity 9 (Bart et al., 2000) represents an angular truncation of
foresets within the prograding strata of facies 2 whereas unconformity 10 represents a
downlap surface for clinoforms of this facies. Facies 2 may consist of texturally
homogeneous strata that are bound by sharp, strongly reflective upper and lower
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Figure 4-1. (a) Display of dip-oriented seismic profile 1a5 on the continental shelf of the Ross Sea. (b) Interpreted line drawing of
seismic profile 1a5 showing stratigraphic relationships between interpreted facies. U3, U6, U7, U8, U9 and U10 are seismic
unconformities correlated to unconformities from Bart et al. (2000). Vertical scale is two-way travel time in milliseconds. Horizontal
scale is indicated on the figure. (Figure contd.)
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Figure 4-2. (a) Display of dip-oriented seismic profile 1a6 on the continental shelf of the Ross Sea. (b) Interpreted line drawing of
seismic profile 1a6 showing stratigraphic relationships between interpreted facies. U3, U6, U7, U8, U9 and U10 are seismic
unconformities correlated to unconformities from Bart et al. (2000). Vertical scale is two-way travel time in milliseconds. Horizontal
scale is indicated on the figure. (Figure contd.)
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erosional boundaries (Anderson, 1999). Homogeneity within this facies is supported by
the fact that reflection amplitude is low and similar within the entire package. The
discontinuous discordant reflection observed in facies 2 may suggest a disordered
arrangement of reflection surfaces and either a relatively high energy leading to
variability of deposition or disruption of beds after deposition (Sangree and Widmier,
1979). The prograding seismic character of this facies is believed to be typical of
sediments that are deposited laterally basin-ward of the grounding line of the ice sheet
during its advance across the shelf (Alonso et al., 1992; Anderson and Bartek, 1992 and
Bartek et al., 1997). The proglacial strata belong to a proximal glaciomarine environment
because they are transported in front of an advancing ice sheet (Powell, 1984). Note that
a more complete seismic description of this unit may be possible with east-west oriented
seismic profiles.
·

Seismic Facies 3: Interpreted Subglacial Till
Facies 3 is a massive and non-reflective seismic body that directly underlies

unconformity 9 (Bart et al., 2000) and occupies the upper portion of facies 2 (Figures 4-1
and 4-2). This facies is visibly and seismically different from facies 2. Facies 3 is
laterally limited to some part of profile of 1a5 and 1a6, for example, between CMP
numbers 400 and 2600 on profile 1a6. This facies is also of less thickness (i.e. average of
70 msec) than facies 2. The lateral limit of this facies is difficult to establish on profile
1a6, as it grades into facies 2. Facies 3 extends from around CMP 100 to 2500 on profiles
1a6 (Figures 4-1 & 4-2), and maintains an angular stratigraphic relationship with the top
of the underlying clinoforms. Based on four seismic characteristics; lack of internal
reflection and stratification, massive internal signature, and bounding erosional truncation
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above, facies 3 is interpreted as subglacial till. Reflection- free configurations may be
indicative of either homogenous or extreme post-depositional homogenization of various
lithologies (Sangree and Widmier, 1979). This interpretation is consistent with those of
De Santis et al. (1995), Anderson and Bartek (1992), and Bartek et al. (1997). Based on
the above- mentioned seismic characteristics used for profile 1a6, subglacial till is
interpreted on profile 1a5 (Figures 4-1). Along profiles 1a5 and 1a6 interpreted subglacial
till occupies the upper portion of proglacial deposits (facies 2) at some locations and is
bound at the top by unconformity 9.
·

Seismic Facies 4: Interpreted Distal Glaciomarine Deposits
Facies 4 is generally similar to facies 1 but sometimes comprises sub- horizontal

reflectors that do not fit into the category of facies 1 because of complex internal
relationship that is evidenced by low-angle to high amplitude reflections, frequent
seismic reflection discontinuities, and lateral variations in the intensity of reflections
across the facies. Facies 4 contains seismic geometries that are typical of both facies 1
and facies 3 and may be interpreted to represent strata that have been deposited in a
variable ice-proximal to ice-distal, for example, glaciomarine deposits possibly
interbedded subglacial till. On profiles 1a5 and 1a6, facies 4 is bounded at the top by the
present-day sea floor and at its base by unconformity 9 of Bart et al. (2000). Also present
within this facies are some small-scale unconformities, which are interpreted from
reflectors that truncate other angular reflectors (Figure 4-1a and 4-2a).
4.2 AVO Attributes
Results of AVO analysis are displayed as attribute stacks. The main attributes
stack generated from AVO analysis are P-wave reflectivity (intercept), gradient, and
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Poisson’s ratio. The output port of the AVO module of the seismic processing software
(OmegaSPS) generated the same attribute values for the different types of AVO attribute
stacks. This is obvious from a visual comparison of all the AVO attribute stacks (Figure
4-4, 4-6 and 4-7). The P-wave reflectivity attribute stack is however reliable because it
approximates the conventional stacked seismic section shown in Figure 4-1a and Figure
4-2a. Both the P-wave reflectivity attribute stack and the conventional stacked seismic
section measure changes in acoustic impedance. Other attributes such as Poisson ratio
may be inferred from the P-wave attribute.
·

P-wave Reflectivity Attribute
The P-wave reflectivity attribute measures variation in acoustic impedance versus

seismic receiver offset. P-wave reflectivity attribute stack is similar to the conventional
stacked seismic section because both estimate the same physical property. For a boundary
separating a glaciomarine unit from an underlying over-compacted subglacial till, a local
negative acoustic impedance contrast is expected over the lower boundary of the overcompacted subglacial till on a P-wave attribute plot. Profiles 1a5 and 1a6 are stacked for
P-wave reflectivity attribute and plotted in interpolated variable area gray scale display
(Figure 4-3 & 4-4). In order to separate seismic reflections from individual facies
boundaries, a 90° - phase shift is applied to the seismic data (Figure 4-5). A positive
reflection on the 90° phase-shifted seismic data is represented by a two-part wavelet that
when displayed on wiggle plot has a trough (white) followed peak (black) of the same
size (See Figure 3-8). A polarity reversal is observed at the upper boundary of our
interpreted subglacial till (Figure 4-5). This polarity reversal implies that the presence of
a low-velocity underlying body. This boundary coincides with the stratigraphic position
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Figure 4-3. P-wave reflectivity attribute stack for profile 1a5. This attribute stack measures acoustic impedance and is similar to the
conventional stacked seismic section on figure 4-1a. Vertical scale is two-way travel time in milliseconds. Horizontal scale is shown
on the figure.
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Figure 4-4. P-wave reflectivity attribute stack for profile 1a6. This attribute stack measures acoustic impedance and is similar to the
conventional stacked seismic section on figure 4-2a. Vertical scale is two-way travel time in milliseconds. Horizontal scale is shown
on the figure.
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Sea floor reflection polarity:
white first, then black
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Polarity reversal:
black first, then white
Figure 4-5. Profile 1a6 after a 90° phase shift is applied on the seismic data. The sea floor reflection before the phase shift shows a
complicated signature negative and positive peaks in the following increasing time order: small positive (black) above a larger
negative (white) above a small positive (black). After the phase shift, the seafloor reflection waveform consists of increasing time
order: negative (white) pulse above a positive (black) pulse. This change in seismic waveform occurs because the reflected seismic
energy is shifted back in time. The inset highlights the polarity reversal observed at the upper boundary of facies 2A. Vertical scale is
two-way travel time in milliseconds. Horizontal scale is shown on the figure.
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Figure 4-6. Gradient attribute stack for profile 1a6. Vertical scale is two-way travel time in milliseconds. Horizontal scale is shown on
the figure.
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Figure 4-7. Poisson’s ratio attribute stack for profile 1a6. Vertical scale is two-way travel time in milliseconds. Horizontal scale is
shown on the figure.
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of angular unconformity 9 and the interpreted top of subglacial till. However, no
equivalent polarity reversal is observed for the top of the interpreted subglacial till on
profile 1a5.
·

Other AVO Attributes
Figure 4-6 and 4-7 show the gradient and Poisson’s ratio attribute stacks. In order

to reduce redundancy, only these attribute stacks are displayed and only for only profile
1a6. These two attribute stacks appear identical and equal to the P-wave reflectivity
attribute stack shown in Figure 4-4.
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CHAPTER 5. DISCUSSION AND CONCLUSIONS

The relative role played by glacial versus marine processes controls the textural
composition of the depositional facies in this environment (Anderson, 1999). I expect
sediments within an ice sheet grounding zone to experience a spectrum of sedimentation
processes - ranging from subglacial to glaciomarine in nature. The different seismic
facies on the Ross Sea continental shelf are thought to be produced by lithological
changes (e.g., rock grain sorting, composition and mineralogy), pore fluid content, and
degree of compaction (Accaino et al., 2005). The seismic reflection technique is based
macroscopically on the response of acoustic waves to physical properties such as velocity
and density, which are indirectly related to lithology, fluid content, compaction etc. I use
multi-channel seismic data to examine the distribution of varied seismic facies of the
Ross Sea.
The initial goal of this thesis is to use offset-dependent reflectivity analysis to
characterize grounding zone seismic facies in the study area. Seismic facies analysis is
used to interpret for depositional environment. The subtle differences in the physical
properties of interpreted subglacial and glaciomarine deposits are examined using a
combination of seismic facies and P-wave reflectivity attribute analysis. Based on core
analysis, Licht et al. (1999) and Domack et al. (1999) distinguish between different ice
grounding facies. Their measurement of sediment grain sorting, sand content, water
content, total organic carbon suggest that subglacial till is over-compacted compared to
glaciomarine deposits. According to Domack et al. (1999) glaciomarine deposits exhibit
average of ~45% water content, whereas subglacial till averages ~30%. Over-compaction
of subglacial till is inferred from the abrupt decrease in water content observed in their
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interpreted subglacial till. For this study, it is assumed that the sedimentary sequence of
Ross Sea continental shelf is made up of a combination of both glaciomarine deposits and
subglacial till.
5.1 Inferred Depositional Environments
The identification of facies is based on amplitude strength, continuity, geometry
and morphology of bounding surface. Four major seismic facies are identified along
profile 1a5 and 1a6 on the Northern basin continental shelf namely facies 1, 2, 3 and 4
(Figures 4-1 and 4-2). Seismic facies analysis led to the differentiation of distinct subenvironments in a glacial environment: distal glaciomarine, proximal glaciomarine and
subglacial.
Distal glaciomarine deposits are interpreted from seismic packages that display
sub- horizontal laterally continuous high-to- moderate amplitude reflectors. Deposits
associated with this type of seismic facies are observed are thought to be common in
deep-water environments (Cooper et al., 1991). Alonso et al. (1992) and Anderson and
Bartek (1992) suggest that continuity and stratification of reflectors can be used to infer
strata that are deposited in glaciomarine environments. Seismic characteristics imply a
gradual deposition of likely marine and non- marine sequences in less turbid water where
stable and uniform depositional condition dominates (Sangree and Widmier, 1979). The
glacial component of this interpreted facies may be sourced from ice-rafted or melt-water
derived debris (Powell, 1984). The prograding and low-amplitude nature of seismic
facies associated with interpreted proximal glaciomarine deposits may imply settling of
poorly-sorted and somewhat homogeneous debris through the water column in front of an
ice sheet that is advancing on the continental shelf. This interpretation is supported by
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Cooper et al. (1993). Subglacial till is interpreted from a seismic facies that is
characterized by no internal reflection, chaotic to massive signature, and bounding by
erosional truncation. Licht et al. (1999) conclude that subglacial till, as observed in cores
lacked evidence of fluctuations in sedimentation rates. The observation of Licht et al.
(1999) may be one reason why no internal seismic reflection is observed within this
facies.
Generally the formation of grounding zone deposits may require that relatively
rapid deposition occurs at or near the ice sheet grounding line (Cooper et al., 1993). As
the grounding depositional system progrades, it may deposit top-set beds composed of
subglacial till, and foreset beds composed of gravity flow sediments (Anderson, 1999).
Similar general stratigraphic relationship is observed along the two seismic profiles used
in this study. The interpreted subglacial till is found to be occur as top-set beds to
prograding strata that is interpreted as proglacial glaciomarine deposits.
5.2 Under-compacted Subglacial Till
Two alternative scenarios are considered for the stratigraphic relationship
between subglacial till and glaciomarine deposits. First an ‘over-compacted’ subglacial
till underlying ‘less-compacted’ glaciomarine deposit (Domack et al., 1999 and Licht et
al., 1999), and second, a normally compacted subglacial till underlying glaciomarine
deposits. I use a combination of seismic facies and P-wave attribute analysis to
distinguish between glaciomarine deposits and subglacial till. My results suggest that
neither of the two above-mentioned scenarios can fully explain the physical properties of
the interpreted subglacial till identified on the continental shelf of the Northern basin.
Rather, our results imply an under-compacted, low-velocity subglacial till. With respect

70

to the seafloor reflector, the top bounding reflector o f this facies displays a polarity
reversal when the data is 90° phase shifted along profile 1a6 (Figure 4-1 and Figure 4-5).
If the overlying layer (interpreted glaciomarine deposits) has higher impedance than the
lower layer (interpreted subglacial till), the reflection coefficient at the boundary between
the two layers becomes negative causing a phase reversal in the reflected waveform.
Impedance contrast at a layer boundary often is largely caused by velocity contrast
(Yilmaz, 1987). P-wave reflectivity attribute analysis result contrasts with p r i o r
publication on characteristics of subglacial tills. Domack et al. (1999) and Licht et al.
(1999) advocate for an over-compacted subglacial till. Their observation was based on
analysis of core samples from Ross Sea continental shelf. An over-compacted till should
not give rise to the polarity reversal observed at the upper boundary of our interpreted
subglacial till.
A schematic comparison of the sediment fabric of possible ‘under-compacted
subglacial till’ with the ‘over-compacted subglacial till’ is illustrated in the Figure 5-1.
Owing to the hydrologic equilibrium between the subglacial till and the underlying strata
in an open water system, porosity of the subglacial till may remain high and
consolidation low, thus resulting in a subglacial till that is under-compacted. I suggest
that the presence of an under-compacted, low- velocity subglacial till may imply that high
percentage of the pore volume of the sediment is occupied by fluid. Figure 5-1 illustrates
schematically the conditions under which under-compacted and over-compacted
subglacial till may occur. Generally, as porosity of a rock increases, the bulk density and
impedance of the rock decrease (Sheriff and Geldart, 1983). I therefore suggest that
poorly drained subglacial conditions may promote relatively high sub- ice pore water
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Over-compacted subglacial till from in-

Subglacial till in undisturbed in-situ -

laboratory core analysis (Domack et al.,

as is the case with that identified on

1999 and Litch et al., 1999). Loss of

profile 1a6. Post-diagenesis interstitial

pore spaces though compaction.

fluid occupies more pore space.

Sediments grain
framework showing
less porosity. Less
fluid in the pore
space

Sediments grain
framework showing
more porosity. More
fluid in the pore
space.

Figure 5-1. A schematic drawing showing the comparison of over-compacted till
from core analysis (Domack et al., 1999 ad Licht et al., 1999) with undercompacted till identified on profile 1a6.
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pressures, which in turn prevents the subglacial till from compacting in response to the
load of the ice sheet, thus maintaining high porosity. High porosity may imply that the
shear strength of the subglacial till is low. My opinion is consistent with the argument for
an under-compacted and porous till in an open-water system (as described in Chapter 1
section 1.1.1.1).
Along profile 1a5 (Figure 4-1a), I do not observe a polarity reversal at the upper
boundary of facies 3 ( our interpreted subglacial till). I propose two reasons for the
observation at the upper boundary of facies 3 on profile 1a5: (1) there is a possibility that
facies 3 along profile 1a5 may be lithologically different from that observed along profile
1a6 or (2) porosity of interpreted till along both profiles may be different even if facies 3
on profiles 1a5 and 1a6 are of the same lithology.
Though seismic facies analysis yields interpreted subglacial till that is similar in
seismic characteristics to the over-compacted subglacial till identified in Domack et al.
(1999), application of phase shift to P-wave reflectivity attribute on the other hand
reveals an under-compacted till.
5.3 Seismic Unconformities
Unconformities 3, 6, 7, 8, 9 and 10 (Bart et al., 2000) are correlated to seismic
reflections on profile 1a5 (Figure 4-1b) using the technique mentioned in section 3.5.
Seismic profile 1a6 is a continuation of profile 1a5, thus reflectors on profile 1a5 that
corresponds to unconformities 3, 6, 7, 8, 9 and 10 are correlated to profile 1a6 (Figure 42b). The unconformities correlated to profiles 1a5 and 1a6 bound units that are of
primary importance to the discussion of my results. These interpreted unconformities
coincide with seismic reflectors of high amplitude strength. Generally, the high amplitude

73

strength associated with these seismic unconformities may be indicative of an extremely
large velocity-density contrast at boundaries separating individual beds (Sangree and
Widmier, 1979). However, high amplitude strength may also represent moderate
impedance contrast across two thin layers whose thickness gives rise to constructive
additions of reflection wavelets (Sangree and Widmier, 1979). Bart et al. (2000) suggest
that all the unconformities observed on the Northern Basin data are the result of glacial
erosion during major and minor ice sheet advances across Ross Sea continental shelf.
Seismic unconformities, with the exception of unconformity 9 may represent surfaces
between sedimentary units that have a normal consolidation profile, that is, where the
acoustic impedance in lower stratum is relatively higher than in upper stratum). However,
unconformity 9 along profile 1a6 separates an interpreted distal glaciomarine unit of
higher acoustic impedance from an underlying interpreted subglacial till of relatively
lower acoustic impedance.
5.4 Conclusions
Variations in the physical properties of sedimentary facies (e.g., velocity and
density) are a function of the deposition processes that are responsible for sedimentation
(Bartek et al., 1997), thus the seismic reflection method offers a means of evaluating
related lithofacies. The role of multi-channel seismic (MCS) reflection methods at
imaging deep sub-sea strata cannot be overemphasized. Unlike single-channel seismic
data, MCS data allows us to image deeper because the sea floor multiple is suppressed.
For example, because of redundancy in the multi-channel seismic recording system,
useful signals are constructively summed to yield a boosted signal, whereas noise is
incoherently summed thereby reducing its obscuring effect on useful signal.
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Distinction between different depositional facies in a n ice sheet grounding
environment from MCS data is complex because in most cases both glacial and marine
processes are involved in the sedimentation of depositional facies. My s eismic facies
interpretation yields three different types namely glaciomarine, proglacial and subglacial
facies. Along profile 1a6, the P-wave reflectivity attribute stack reveals a low-impedance
seismic facies t h a t I have interpreted as subglacial till. The inferred presence of a
subglacial till overlain with material of high- velocity strongly suggests that we have an
under-compacted till, contrary to prior published drilling and core analysis results
suggesting over-compacted subglacial till. This discrepancy between results from our
seismic studies and published core analysis demonstrates the possibility of occurrence of
both under-compacted and over-compacted till.
The combination of seismic facies and P-wave attribute analysis pioneers a more
reliable procedure in interpreting ice sheet grounding zone facies. Some authors (e.g., De
Santis et al., 1995 and Bartek et al., 1997) have in the past interpreted grounding zone
facies based on seismic characters and geometries alone. Interpretation of grounding zone
facies based on seismic reflection geometries and continuity may sometimes result in
ambiguities that are caused by the presence of intermediate seismic facies. These
intermediate facies bear characteristics that are border- line between glaciomarine and
subglacial till. For example, based on reflection geometries, continuity and amplitude
content, we interpret subglacial till from seismic facies 2A along profiles 1a5 and 1a6.
The polarity reversal obtained at the upper boundary of the subglacial till on profile 1a6
is not observed on profile 1a5.
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In order to conduct a more regional study the distribution and stratigraphic
relationship between ice sheet grounding facies, it is recommended that seismic facies
analysis be combined with P-wave attributes for all available MCS data in the Ross Sea
margins. Seismic migration of the data may help resolve reflections at the sea floor better.
The data used in the study contain diffractions that obscure useful reflection events
especially the sea floor reflections. Through the process of migration, diffractions on
seismic records can be collapsed and reflection restored to their normal positions, thus the
data quality will be enhanced.
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Appendix A
Seismic Processing Flow
Rectangular boxes indicate key groups of seismic processing steps in the overall seismic
processing flow. Each box is made up of one or more Seismic Function Modules (SFM)
that explain in details (Appendices B –K) how the processing is executed using
OmegaSPS (WesternGECO, a Schlumberger Company, 2006 V 1.8.3). SSF means
Seismic Structured Format.
seg2segy

Appendix B

Cre8_gdb_file

Appendix C

SP_XY

Appendix D

HdrMath

Appendix E

txt2Hdr

Appendix F

DetectXY_2_Hdr

Appendix G

Cre8db_in_Hdr

Appendix H

Cre8CMP_Hdr

Appendix I

V_Gen_4_Stack

Appendix J

CMP_SORT_NMO

Appendix K

80

Appendix B
Seisflow: seg2sfam

INPUT

TRCDLRV

OUTPUT

Seismic data is in SEGY format. The seismic
trace headers contain information such as
shot and receiver location coordinates, shot
and receiver spacing and sampling interval.

Two operations are performed using this
module: traces 1 to 4 in all shot gathers are
deleted; and trace 13 in all shot gathers are
corrected for reversed polarity.

SEGY data are transformed to Seismic
Structured File (SSF), an input format required
for all OmegaSPS processing algorithm. Seismic
files in the SSF format are located on Odyssey at
/home/adeniyi/PROJECT/1a5/seismic_sfam
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Appendix C
Seisflow: Cre8_gdb_file

INPUT

GEOMETRY_
EXTRACT

OUTPUT

Seismic data is in SSF format. Output from
‘segy2sfam’ in Appendix B. Located at
/home/adeniyi/PROJECT/1a5/seismic_sfam

The GEOMETRY_EXTRACT SFM extracts
geometry information from input seismic trace
headers to create source, detector, subsurface,
pattern, or line tables in a geometry database

The created geometry database is located at
/home/adeniyi/PROJECT/1a5/geometry_files
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Appendix D
Seisflow: SP_XY

The SURVEY_OUT SFM reads records from a
Geometry Database table, formats and then
writes them to a text file in the order specified by
the user in the parameter set for the SFM. For
instance, a survey file contains values such as
source station number, channel number etc.
Values that relate the seismic source file to the
survey information are read from the Source table
in the Geometry Database to a text file.

SURVEY_OUT

Geometry database is located at:
/home/adeniyi/PROJECT/1a5/geometry_files
The generated text file containing shot-point
number, latitude and longitude coordinates is
located at:
/home/adeniyi/PROJECT/1a5/text_files
A perl script located at /data1/adeniyi/pl is used
to transform the shot-points latitude and
longitude coordinates to Mercator projection
equivalents. Output of this process is stored as a
text file in the designated folder mentioned
above.
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Appendix E
Seisflow: HdrMath

INPUT

TRACE_HEADER_
MODIFY

OUTPUT

Seismic data is in SSF format. Output
from ‘segy2sfam’ in Appendix B

The seismic trace header information are
modified using this SFM (e.g., the maximum
reflection time, maximum trace number etc
are modified)

Output is stored on Odyssey at
/home/adeniyi/PROJECT/1a5/seismic_sfam
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Appendix F
Seisflow: txt2Hdr

INPUT

TEXT_TO_TRC
_HEADER

OUTPUT

Seismic data in SSF format (Output from
‘HdrMath’ in Appendix E)

This SFM extracts the Mercator values of X and
Y coordinates of shot-points from the text file
directory and writes them to the seismic trace
header.

Output is stored on Odyssey at
/home/adeniyi/PROJECT/1a5/seismic_sfam
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Appendix G
Seisflow: DetectXY_2_Hdr

INPUT

TEXT_TO_TRC
_HEADER

OUTPUT

Seismic data in SSF format (Output from
‘txt2Hdr’ in Appendix F)

This SFM extracts the Mercator values of X
and Y coordinates of detectors from the text
file directory and writes them to the seismic
trace header.

Output is stored on Odyssey at
/home/adeniyi/PROJECT/1a5/seismic_sfam
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Appendix H
Seisflow: Cre8db_in_Hdr

INPUT

GEOMETRY
_EXTRACT

OUTPUT

Seismic data in SSF format (Output from
‘DetectXY_2_Hdr’ in Appendix G)

This SFM adds geometry attributes to
seismic trace header.

Output is stored on Odyssey at
/home/adeniyi/PROJECT/1a5/seismic_sfam
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Appendix I
Seisflow: Cre8CMP_Hdr

INPUT

GEOMETRY
_MARINE

OUTPUT

Seismic data are in SSF format. Output
from ‘Cre8db_in_Hdr’ in Appendix H

This SFM creates a CMP layout in the
seismic trace header. Important information
to be used for the layout, which includes shot
and receiver group interval, first and last shot
points and maximum CMP fold.

Output is stored on Odyssey at
/home/adeniyi/PROJECT/1a5/seismic_sfam
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Appendix J
Seisflow: V_Gen_4_stack
Output Velocity File: V_brute_stack_1a5
Location on Odyssey: /data1/adeniyi/Ross_Project/Ross_Sea/Shelf/1a5/velocity_files
Table Velocity-funtion1
CMP No.
51

101

151

201

251

Time
(milliseconds)
0
500
580
650
800
1100
1250
3000
0
500
580
650
800
1100
1250
3000
0
500
580
650
800
1100
1250
3000
0
500
580
650
800
1100
1250
3000
0
500
580

Velocity
(meter/seconds)
0
1500
1520
1540
1620
1850
1940
2500
0
1500
1520
1540
1620
1850
1940
2500
0
1500
1520
1530
1600
1830
1940
2500
0
1500
1520
1530
1600
1810
1940
2500
0
1500
1520
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301

401

451

501

601

650
800
850
1100
1250
3000
0
500
580
650
800
850
1100
1250
3000
0
500
580
650
800
850
1100
1250
3000
0
500
580
650
800
850
1100
1250
3000
0
500
580
650
800
850
1100
1250
3000
0
500
580

1530
1620
1700
1810
1940
2500
0
1500
1520
1530
1700
1700
1810
1940
2500
0
1500
1520
1530
1700
1720
1810
1940
2500
0
1500
1520
1530
1700
1720
1810
1940
2500
0
1500
1520
1530
1700
1720
1810
1940
2500
0
1500
1520
90

901

1351

1601

1801

2101

2501

650
800
850
1100
1250
3000
0
500
580
650
850
1100
1250
3000
0
530
580
650
850
1100
1250
3000
0
530
580
650
850
1100
1250
3000
0
550
650
850
1100
1250
3000
0
630
660
850
1250
3000
0
670

1530
1700
1720
1810
1940
2500
0
1500
1520
1530
1700
1810
1940
2500
0
1500
1510
1530
1680
1810
1930
2500
0
1500
1510
1530
1650
1810
1930
2500
0
1500
1530
1650
1830
1930
2500
0
1500
1510
1600
1840
2500
0
1500
91

3001

3151

3501

3851

4001

4301

710
850
1250
3000
0
680
730
850
1250
3000
0
690
730
850
1250
3000
0
680
730
850
1250
3000
0
680
730
850
1250
3000
0
690
730
850
1250
3000
0
680
720
850
1250
3000

1510
1600
1840
2500
0
1500
1510
1600
1830
2500
0
1500
1510
1600
1830
2500
0
1500
1510
1600
1830
3000
0
1500
1550
1600
1870
3000
0
1500
1510
1600
1830
3000
0
1500
1510
1600
1830
3000
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Output Velocity File: V_brute_stack
Location on Odyssey: /data1/adeniyi/Ross_Project/Ross_Sea/Shelf/1a6/velocity_files
Table Veocityl- funtion2

CMP
Number
1

51

101

401

451

501

Time
(milliseconds)
0
600
650
800
1250
3000
0
600
650
700
800
1250
3000
0
600
650
700
800
1250
3000
0
600
650
700
800
1250
3000
0
600
650
700
800
1250
3000
0

Velocity
(meters/second)
0
1500
1500
1550
1800
2500
0
1500
1500
1510
1540
1800
2500
0
1500
1500
1510
1540
1800
2500
0
1500
1500
1510
1540
1800
2500
0
1500
1500
1510
1540
1800
2500
0
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601

901

1801

2101

2501

3000

3351

600
680
700
800
1250
3000
0
600
690
750
800
1250
3000
0
600
690
750
800
1250
3000
0
600
690
750
800
1250
3000
0
650
800
1200
3000
0
650
700
800
1200
3000
0
640
700
800
1200
3000
0

1500
1500
1510
1540
1820
2500
0
1500
1510
1540
1560
1820
2500
0
1500
1510
1540
1560
1800
2500
0
1500
1510
1540
1560
1800
2500
0
1500
1560
1840
3000
0
1500
1540
1560
1800
3000
0
1500
1540
1560
1800
3000
0
94

3500

3651

3851

4000

4244

620
700
800
1200
3000
0
620
700
800
1250
3000
0
630
700
800
1250
3000
0
600
700
800
1250
3000
0
600
700
800
1250
3000
0
600
700
800
1250
3000

1500
1520
1560
1800
3000
0
1500
1540
1570
1840
3000
0
1500
1540
1570
1840
3000
0
1500
1540
1570
1840
3000
0
1500
1570
1580
1860
3000
0
1500
1570
1580
1860
3000
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Appendix K
Seisflow: CMP_SORT_NMO

Output from
Appendix I

INPUT

‘Cre8CMP_Hdr’

in

This SFM works its way down the shotordered input data, gathers the traces
needed for a CMP and outputs them in
CMP gathers

SORT

BPFILTER

Zero-phase frequency band filtering is
applied to the seismic data as follows:
Low-Cut Frequency: 20Hz
Low Slope: 6dB/octave
High-Cut Frequency: 80Hz
High Slope: 12dB/octave

NMO

This SFM applies hyperbolic moveout
to reflection events. The RMS velocity
required for the move out is generated
from he velocity functions in Appendix
I. Velocity is linearly interpolated
between points where values are
supplied.
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